ABSTRACT
Introduction
enzymatic catalysis provides an avenue for the synthesis of industrial products such as surfactants under mild conditions as opposed to chemical synthesis. Sugar fatty acid esters are an example of non-ionic surfactants that have a wide range of applications in pharmaceuticals, cosmetics, detergents and in the food industry.
enzyme catalyzed sugar esters production has attracted growing interest among researchers as it is inexpensive, harmless to the environment due to their complete biodegradability and is known to be non-toxic to human health (5, 6, 7) . Several researches for process improvement on the enzyme catalyzed sugar esters production have been reported; none reported on the optimization of 6-O-D-glucosyldecanoate in non aqueous medium, which addressed the complex challenges in the synthesis process. For example, the synthesis of sugar esters results in accumulation of water in the system which favors the reversible hydrolysis reaction over the esterification: c n (h 2 o) n + Rco 2 h c n (h 2 o) n-1 (ocoR) + h 2 o
where Rco 2 h is the acyl donor, c n (h 2 o) n is the acyl acceptor, c n (h 2 o) n-1 (ocoR) is the product (sugar ester) and h 2 o is the produced water. Performing the enzyme-mediated esterification in organic solvents as reaction media (13, 17) enhances the synthetic capability of hydrolases like lipase but introduces another main constraint which is the low solubility of the carbohydrates in these solvents. Alternatively, solvent free systems are actively being explored as an alternative route in the process of sugar ester synthesis (15, 19) . one such route is the use of ionic liquids as the reaction media since the regioselectivity and reactivity of the reaction is higher compared to the reactions in conventional solvents (20) .
experimental designs have been applied for systematic experimental runs and in observing the effect of different factors in process improvement programs and how these factors are related to one another. Response surface methodology (RSM) is an effective design for analyzing interactions among factors thus exploring relationships between response and the independent variables as well as optimizing the processes where multiple variables may influence the output (3) . RSM has been applied in several lipase catalyzed sugar esters synthesis systems for the improvement of yield (4, 10, 11) .
in this study, a three-level, four-factor Box-Behnken design of RSM was used to optimize variables, namely: ratio of fatty acid to sugar, reaction temperature, reaction time and 
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Materials
immobilized Candida antarctica lipase B (novozyme 435 ® ) from novozyme nordisk (Denmark) was used as the catalyst. Analytical grade D-(+)-glucose from Systerm and decanoic acid from SiGMA were used as the acyl group acceptor and acyl group donor, respectively. Tert-butanol from Ajax Finechem was used as the organic medium for the reaction. Molecular sieve (sodium Y zeolite) (SiGMA) was used as a water content control agent for the reaction system. Standardized potassium hydroxide solution and 95% ethanol (MeRcK) were used to prepare the titrant. Phenolphthalein in methanol (analytical grade) was used as the visual indicator for titration endpoint. Acetone and n-hexane (Systerm) were used in the separation process. Silica gel 60 F 254 (20 cm × 20 cm) thin layer chromatography (tlc) plates were purchased from MeRcK. Sucrose decanoate (SiGMA) was used as the standard sugar ester in this study. Deionized water used in this study was purified at 18.2 MΩ·cm -1 (Barnstead Ro & Deionized Systems). the process responses were analyzed using MinitAB ® 14 software to determine the statistical significance and possible interactions among the variables tested. Subsequently, the responses were optimized using the Response optimizer function of the same software.
Methods
General reaction procedure
Separation of glucosyldecanoate
At the end of the reaction, zeolite and immobilized enzyme were separated through centrifugation and the supernatant was treated in two ways. First, an aliquot sample of the supernatant was evaporated, and the remaining solids were subjected to consecutive n-hexane and centrifugation treatments. then, the solids were subjected to 1-butanol/water (4:1 v/v) extraction using separation funnel. After several cycles of extraction, the top layer consisting of 1-butanol phase, which contained the purified sugar esters, was obtained. the remaining supernatant was subjected to quantitative thermometric titration to determine the residual fatty acids concentration. the residual fatty acids concentration was used in stoichiometric material balance calculation to determine the amount of reactants converted to sugar esters (i.e. process response).
Experimental design and statistical analysis
A three-level, four-factor Box Behnken design of Response Surface Methodology (RSM) using MinitAB ® 14 software was employed to optimize selected parameters involved in the esterification process. The parameters were: temperature, incubation period, quantity of enzyme loading and molar ratio of reactants as shown in Table 1 . A total of 81 runs (including three replicates) in eight blocks were conducted throughout the study. Evaluation of the fitted model was done using Analysis of Variance (AnoVA) for analyzing the variations observed due to the treatments (change in the combination of variable levels) with the variation occurring due to random errors inherent to the measurements of the generated responses. When the factor values are relatively close to optimum, a second-order model is usually required to approximate the response because of curvature in the true response surface (23) . the behavior of such a system can be characterized by the following quadratic equation written for three explanatory variables X [1] [2] [3] :
(2) in equation (2), Y is the measured response associated with each factor level combination, the b terms are constants for the regression model, and e is the error. the constant b 0 is the response of Y when all the main effects and the interactive effects are null. When the experimental data are fitted to the model, the unknown β parameters are estimated and the coefficients of the X terms are tested to see which ones are significantly different from zero.
Thermometric titration of residual fatty acids in reaction mixture the conversion of decanoic acid to glucosyldecanoate was quantified through residual fatty acid titration in the reaction mixture using Metrohm 859 Titrotherm® thermometric titration machine (Metrohm, Switzerland). the titration method 
Nuclear Magnetic Resonance (NMR)
1 h-nMR spectra were recorded at 300 Mhz with chemical shifts in parts per million (ppm) and were reported downfield from 0.00 ppm using cD 3 oD (Deuterated methanol) as the internal reference. Sixteen repeated scannings were performed at temperature 25°c using Geol 1 lambda nMR machine (Japan).
Power input effect on the conversion of reactants to products
Following the optimization of the reaction variables, lipase catalyzed glucosyldecanoate production was performed in a one-litre cylindrical stirred tank reactor (StR). the impeller used was a six-flat blade inclined at 60° angle to the horizontal as shown in Fig. 1 . this turbine is commonly referred to as the mixed-flow impeller because the blade angle produces both radial and axial components in the discharge. in this work, the impeller was used in the downward pumping mode (6MFD). Agitation speeds of 100, 200 and 300 r·min -1 were used in order to monitor the effect of different power input into the reaction mixture as a torque motor (Model RZR 2051, Heidolph) displays a torque number (N·cm) for every speed. The maximum speed was limited to 300 r·min -1 as significant splashing of the reaction mixture beyond this speed was observed. the geometrical setup for the StR used in the study the power input applied into the reaction was calculated using the following equation:
P=2πNT (4) where P is motor power (Watts), N is agitation speed (revolutions s -1 ) and T is the torque number (n cm).
Results and Discussion
Statistical analysis of selected process variables in the esterification reaction Quantitative optimization of process esterification using different combinations of reaction variables was performed via Box-Behnken design of RSM and the amount of converted decanoic acid was used for monitoring the total esterification activity as a response parameter (Table 2) . Statistical analyses of the data were conducted for process efficiency evaluation under stated conditions. The multiple regression coefficients analysis of variance (ANOVA) showed the significance of main effects and interaction effects for the four process variables (Table 3 ). The coefficient of correlation (R 2 ) of the multiple regression models was found to be 0.782 which suggested that the model could explain 78.2% of the total variation in the system. From AnoVA analysis, it was shown that the substrate ratio variable was the only significant main effect (P < 0.05). The range of substrate molar ratio studied was 1:1, 1:3 and 1:5 (decanoic acid: glucose). The squared main effect of the substrate molar ratio was also found to be significant. All other variables were found to be insignificant as a main effect towards the process (P > 0.05). interaction between enzyme loading and reaction time was found to be significant (P = 0.019) while other second order interactions between the variables were found to be insignificant (P > 0.05). this observation was found to be in agreement with a similar report by Yan et al. (28) .
Post analysis of experimental data was done to check the adequacy of the model to represent the system. Although there were slight deviations from the normal distribution in the analysis of raw data (Anderson-Darling statistic = 1.602, p < 0.05), further analysis revealed that the residual error satisfied a normal distribution at p = 0.895 (Anderson-Darling statistic = 0.191) (plot not shown). the slight deviation observed was attributed to the relatively small number of the experimental runs (n = 81). When the standardized residuals were plotted against fitted values (plot not shown), a random pattern of data distribution was observed indicating the absence of systematic error. The order of the experiments execution has no influence on the data collected, as shown by the random occurrence of data in the standardized residual plot against observation order (plot not shown).
Effect of individual variables on process responses
Effect of temperature on glucosyldecanoate synthesis Fig. 2a shows the effect of temperature on the decanoic acid conversion. increase in temperature from 35°c to 45°c resulted in a 25% increase in the mean decanoic acid conversion. Above this value, the mean decanoic acid conversion appeared to approach a plateau. Similar observations on increase in conversion rate with increase in temperature have been reported by other authors (14, 23, 24) . Although Sabeder et al. (24) reported that lipase B is thermostable up to 90°c, we observed a decrease in the rate of fatty acid conversion at temperature beyond 50°c. this was found to be in agreement Effect of substrate molar ratio (decanoic acid : glucose) on glucosyldecanoate synthesis the highest decanoic acid conversion was found at a substrate molar ratio of 1 as shown in Fig. 2b . the conversion decreased significantly (50% reduction) when the substrate molar ratio was at three and remained relatively constant at a molar ratio of five. Contrary to this observation, Soultani et al. (26) and Salem et al. (25) reported significant increase in fatty acid conversion with increasing fatty acid molar ratio. This significant reduction in decanoic acid conversion as a result of increase in molar ratio is postulated to be due to the substrate inhibition. it has been reported that at high concentration of decanoic acid, there is a competitive inhibition of the lipase due to the formation of a dead-end acyl-enzyme complex, which results in unsuccessful transfer of the acyl group to the carbohydrate moiety (18) . Alternative hypothesis for the observed effect is the intensive interaction between excessive decanoic acid and amino acid moeities Ser 105 and his 224 in the active site. this interaction could be similar to the interaction between polar molecules and these amino acid moieties as proposed by li et al. (21) , which destroys hydrogen bonds necessary for the stabilization of the transition state.
Effect of enzyme loading on glucosyldecanoate synthesis
As immobilized enzyme loading increased from 0.025 to 0.050 g, the decanoic acid conversion was found to increase slightly (11%) and remained approximately constant when the enzyme loading increased from 0.050 g to 0.075 g (Fig.  2c) . thus, 0.050 g and 0.075 g enzyme loadings resulted in the maximum decanoic acid conversion within the range of catalyst loading studied here. it is possible that the enzyme amount used represents the maximum conversion possible for the studied system.
Effect of reaction time on glucosyldecanoate synthesis
the highest decanoic acid conversion was obtained at a reaction time of 24 hours (Fig. 2d) . longer reaction time i.e. 36 hours resulted in lower conversion of decanoic acid. the residual activity of the catalyst (novozym 435) was reported to be reduced when used in a reaction for a period of time more than 24 hours (14) . on the other hand, the lowered decanoic acid conversion at reaction time of 36 hours may be related to the reduced efficiency of zeolite as a water absorbing agent. The surface of the zeolite may have been saturated with water produced from the reaction thus lowering its efficiency in adsorbing further water molecules released from the synthesis reaction. this may also result in accumulation of water around the enzyme thus preventing the transfer of acyl donor to the active site as cited in the literature (27) . this increasing accumulation of water molecules also thermodynamically favors the ester-bond hydrolysis rather than esterification (Eq. 1).
lipase reduced stability caused by prolonged exposure to the organic solvent may also result in lowered esterification activity (i.e: reduced decanoic acid conversion after 24 hours of incubation) which has been observed in the longer reaction time (29) .
the difference between highest and lowest conversion yield levels for each variable (temperature, substrate ratio, enzyme concentration and reaction time) when their values were varied was calculated. the substrate ratio variable gave the highest difference between these two levels at D 50% thus complementing the earlier AnoVA that showed this variable as the only statistically significant variable. For the rest of the variables i.e. temperature, enzyme loading and reaction time, the differences calculated for their highest and lowest
conversion efficiency were at moderate levels of D17%, D12% and D25%. Response optimization in this work, the p value for the interaction effect between time*enzyme loading was 0.036 (P value < 0.05) which is significant. It is hypothesized that this interaction works in the following way to affect the response: if the immobilized enzyme loading is increased, an improved response (i.e. conversion yield of decanoic acid) would be observed in a shorter reaction time. on the other hand, if longer reaction time is employed, an improved response could be observed at a particular enzyme loading (Fig. 3) .
it was shown that at 0.025 g enzyme loading, the response increased when the reaction time was extended from 12 to 24 h which is in agreement with the hypothesis put forward earlier.
However, further extension of the reaction time significantly decreased the response to its lowest level. this can be explained as follows: as the reaction progresses, the by-product of glucosyldecanoate synthesis, i.e. water, also increases. the increased thermodynamic activity of water in the reaction mixture favors the reverse reaction, i.e. the hydrolysis of the ester bond formed from the forward reaction. this may have contributed to the lowered final conversion yield observed. At 0.050 g enzyme loading, similar observation was made with the exception that the conversion yields at 24 h and 36 h were quite similar. At 0.075 g enzyme loading, there was progressive decrease in conversion yield as the reaction time was increased. the observations made at 0.050 g and 0.075 g enzyme loadings could be explained as follows: the effect of increased water activity within the reaction mixture may influence the reaction in a couple of ways, i.e. it favors the reverse ester hydrolysis reaction and the water molecules themselves around the enzyme may hinder effective substrate transfer to the catalytic site as mentioned earlier. A contour plot was constructed to further evaluate this interaction effect as shown in Fig. 4 .
it is clear from the strong curvature displayed in the plot that there exists a strong interaction between reaction time and immobilized enzyme loading variables thus further supporting the ANOVA performed earlier on the significance of this particular interaction. the contour plot can be used to qualitatively indicate the general trajectory of the optimization path. it is evident that the highest conversion yield could be achieved within the range of 0.065 to 0.075 g enzyme loading and 15 to 27 h reaction time (darkest grey region). Within this region, conversion yield higher than 0.0375 mmol could be achieved. Subsequently, an overlaid contour plot was constructed to obtain numerical values of the practical ranges that would result in a more efficient navigation to the optimal values for these variables. in addition, the overlaid contour plot would also highlight the region(s) which is/are not feasible at all with respect to the optimization routine. in Fig. 5 the enclosed whitecolored region was considered as the feasible quantitative region (or the area that satisfies the criteria for desired responses) for optimization of reaction time and immobilized enzyme loading. this means that if the factors are pre-set at any of the levels shown in the white area, the responses should fall within the specified ranges. On the other hand, when there are only a few independent variables, an easy way to predict the responses is to overlay the response surface in order to find the optimum. the grey shaded area, on the other hand, indicated variable combinations where desired responses will not be met (Fig. 5) . the possible optimization range shown in the plot for reaction time is from 20 to 36 hours and for immobilized enzyme loading is from 0.048 to 0.075 g 0.01 L the optimum conditions for glucosyldecanoate synthesis were determined at: substrate ratio of 1 (decanoic acid: glucose); reaction temperature 55°c; reaction time 14.2 hours and immobilized enzyme loading 0.075 g. these conditions were predicted to result in the optimum decanoic acid conversion of 4.5 mmol·L -1 . the composite desirability for both local and global solutions was found to be 0.7308 which indicates that when these conditions are satisfied for the reaction, the chance to obtain optimum decanoic conversion is 73 times out of 100 process runs. Confirmatory runs under the predicted optimum conditions were done in five separate batches and the average decanoic acid conversion was found to be 4.1 ± 0.6 mmol·L -1
. this was close to the maximum predicted response, i.e. 4.5 mmol·L -1 , thus confirming the optimization results. Following this, the final conversion yield (Y p/s ) was calculated at 0.76 g·g -1 (g glucosyldecanoate per g glucose).
Fig. 9.
1 h nMR spectrum of reaction product.
Power input effect on the conversion of reactants to products the power input calculated from every agitation rate was P = 2.8 kW·kg -1 solvent for 100 rpm; P = 6.8 kW·kg -1 solvent for 200 r·min -1 and P = 12.1 kW·kg -1 solvent for 300 r·min -1 . the effect of power input on the decanoic acid conversion is shown in Fig. 6 . From the plot, it is evident that higher power input into the system promoted better decanoic acid conversion. AnoVA was conducted in order to know which power input is important for the mixing to promote higher decanoic acid conversion and thus to improve the esterification process. From the analysis (at p = 0.05), the decanoic acid conversion at 200 and 300 r·min -1 was found significantly higher than at 100 r·min -1 . However, no significant difference was observed between the speeds of 200 and 300 r·min -1 in influencing the decanoic acid conversion. this strongly indicates that the power input to the reaction mixture plays an important role in improving the conversion yield in a stirred tank reactor (StR) process. the improved conversion yield was attributed to the improved chances of proper orientation of all the reactants involved with respect to the enzyme's active site for successful catalysis. From this study, it was found that the highest yield in the stirred tank process was 0.77 g glucosyldecanoate per g glucose at 6.8 kW·kg -1 solvent (or reaction mixture). Similar observations were reprted by Awang et al. (2) .
Spectroscopic analyses of the conversion product (sugar ester)
Fourier Transform Infrared Spectroscopy (FTIR)
A typical carbonyl group for ester usually shows a major absorption by c=o from 1730 to 1750 cm -1 and for carboxylic acid, the absorption of cooh group is from 1705 to 1720 cm -1 . these two functional groups absorption peaks are quite close to each other. hence, in this work, the standard for decanoic acid and the reaction sample which may contain ester were tested separately by iR analysis. Based on Fig. 7 and Fig. 8 , it was found that iR analysis of decanoic acid resulted in a very sharp peak at 1713.29 cm -1 and iR analysis for the reaction product resulted in a peak at 1730.35 cm -1 , respectively. the absorption at 1713.29 cm -1 was different from that shown in Fig. 8 , which absorption was at 1730.35 cm -1 . So it can be concluded that the product was likely to be composed of ester bonds.
Nuclear Magnetic Resonance (NMR)
in Fig. 9 , 1 h chemical shift for c 2 was at 3.6503 ppm, c 3 was at 3.7778 ppm, C 4 was at 3.1157 ppm, and c 5 was at 3.8534 ppm. For c 1 , there were two peaks observed; one was at 5.1001 ppm and another at 4.4728 ppm. This is because when D-glucose is dissolved in tertbutanol, it can form D-α-glucose and D-β-glucose. So, the 5.1001 ppm peak was assigned to D-α-glucose, and the 4.4728 ppm peak was assigned to D-β-glucose. the peak of D-β-glucose was higher than that of D-α-glucose with the ratio 3:2, which indicated that approximately 60% of the D-glucose was D-β-glucose and 40% was D-α-glucose. this showed that the equilibrium composition of the two glucose forms favors the β-configuration. This is in good agreement with the study done by Molteni and Perrinello (22) where they obtained a similar composition between the two glucose forms in aqueous solution, i.e. 64% D-β-glucose and 36% D-α-glucose. Since there is only one peak was observed at 2.3042 ppm, this is a strong indication that only glucose monoester was produced in the reaction. this is also in agreement with the reported specificity of the lipase used in this study which favors the formation of monoester (8) . On the other hand, if diester was present, there would be two separate peaks with the peaks located closer to 3 ppm. there was no peak observed for c 6 , and this meant that the acylation had occurred at the 6-oh of glucose. Gao et al. (12) showed that the acylation with aromatic acid vinyl esters also took place at the primary hydroxyl group of the glucose.
Conclusions
the optimum conditions for lipase-mediated glucose esterification with decanoic acid in tert-butanol were: substrate molar ratio 1, immobilized enzyme loading 7.5 g·l -1 , reaction temperature 55°c and time 14.2 hours. For improved lipase-mediated esterification in a stirred tank reactor, the power input during mixing is proposed to be at least 6.8 kW·kg -1 solvent with obtainable minimum final yield of 0.77 g glucosyldecanoate per g glucose. it was also shown that the acyl transfer occurred at 6-oh group of the glucose units thus yielding a product of 6-O-glucosyldecanoate with 60 mole% of D-β-glucosyldecanoate and 40 mole% of D-α-glucosyldecanoate.
